The nucleic acid sequences of the pre-membrane/ membrane and envelope protein genes of 23 geographically and temporally distinct dengue (DEN)-3 viruses were determined. This was accomplished by reverse transcriptase-PCR amplification of the structural genes followed by automated DNA sequence analysis. Comparison of nucleic acid sequences revealed that similarity among the viruses was greater than 90 %. The similarity among deduced amino acids was between 95 % and 200 %, and in many cases identical amino acid substitutions occurred among viruses from similar geographical regions. Alignment of nucleic acid sequences followed by parsimony analysis allowed the generation of phylogenetic trees, demonstrating that geographically independent evolution of DEN-3 viruses had occurred. The DEN-3 viruses were separated into four genetically distinct subtypes. Subtype I consists of viruses from Indonesia, Malaysia, the Philippines and the South Pacific islands; subtype II consists of viruses from Thailand; subtype III consists of viruses from Sri Lanka, India, Africa and Samoa; subtype IV consists of viruses from Puerto Rico and the 1965 Tahiti virus. Phylogenetic analysis has also contributed to our understanding of the molecular epidemiology and worldwide distribution of DEN-3 viruses.
Introduction
Dengue viruses (family Flaviviridae, genus Flavivirus) are plus-sense ssRNA viruses that cause dengue fever (DF) and dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS) in humans. These viruses are maintained in a human-mosquito transmission cycle, primarily in tropical urban areas, by Aedes aegypti and are currently endemic in most tropical areas of the world (Gubler, 1988) . The earliest recorded epidemic with truly compatible dengue disease-like illness occurred in Philadelphia in 1780 (Rush, 1789) . From then until the 1950s, epidemics of DF occurred irregularly throughout tropical regions worldwide. After World War II, however, epidemic DHF emerged in Southeast Asia and has subsequently spread to the Pacific islands and Americas (Gubler, 1991) .
Dengue viruses are serologically classified into four antigenically distinct serotypes (DEN-1, DEN-2, . Infection with any of the serotypes
The nucleotide sequence data reported in this paper have been submitted to the GenBank database and assigned accession numbers Ll1422 to Ll1620. generally leads to a mild, self-limiting febrile illness (DF). However, in some DF cases, vascular and haemostatic abnormalities occur, which may progress to haemorrhage and shock (DHF/DSS). The precise mechanism(s) by which dengue viruses cause severe haemorrhagic disease is not well understood. One theory suggests that secondary infection with a heterologous dengue serotype can lead to severe disease (Halstead, 1988) . In this model, circulating antibodies to the primary infecting virus are thought to complex with the heterologous secondary infecting virus and also enhance virus infection of mononuclear cells (Halstead, 1988 ). An alternative explanation is that genetic evolution of the virus within each of the serotypes has resulted in generation of more virulent or epidemic strains of dengue viruses (Rosen, 1977) . Epidemiological analysis of dengue epidemics reveals that some dengue virus strains are associated with mild epidemics with low occurrences of DHF and inefficient virus transmission, whereas others are involved in severe epidemics with a high incidence of DHF/DSS and rapid virus transmission (Gubler et al., 1981) .
Previous studies of dengue virus molecular evolution described intra-serotypic antigenic variation in DEN-3 (Russell & McCown, 1972) . Strains from Puerto Rico and Tahiti were shown to be antigenically and bio- To study the molecular evolution and epidemiology of DEN-3 viruses, molecular analysis of DEN-3 premembrane/membrane (prM/M) and envelope (E) genes was performed. Sequence variation within the structural genes has enabled classification of DEN-3 viruses into four discrete genetic lineages or subtypes. Analysis of the distribution of DEN-3 viruses worldwide has permitted identification of epidemiological patterns, suggesting that some virus genotypes are associated with either mild or severe forms of dengue disease.
Methods
Virus strains. The DEN-3 viruses used in this study (Table 1) (Osatomi & Sumiyoshi, 1990) . :~ The first nine bases of this primer consist of a three-base spacer followed by the BamHI restriction endonuclease recognition sequence.
RNA extraction. Viral RNA was isolated from virus in the culture medium of infected C6/36 cells or mosquitoes using the acid-guanidine isothiocyanate procedure described previously , Selection andsynthesis of oligonucleotide primers. The DEN-3 primers used for amplification and/or sequencing (Table 2) were designed based on published dengue virus sequences with the aid of the OLIGO sequence analysis program (National Biosciences, Mason et al., 1987; Duebel et al., 1990; Osatomi & Sumiyoshi, 1990; Zhao et al., 1986) . Oligonucleotides were synthesized using an Applied Biosystems automated synthesizer using phosphoramidite chemistry and then were purified on NENSORB columns (DuPont).
Amplification of DEN-3 RNA. Nucleotides from positions 278 to 2550 in the DEN-3 genome encoding the prM/M and E genes were amplified using a reverse transcriptase (RT)-PCR. Two primer pairs were used in separate reactions to generate two overlapping dsDNA products covering this region (fragment 1, residues 278 to 1819; fragment 2, residues 1685 to 2550). The RNA was first transcribed to give cDNA using RT and downstream primers CP1819 or CP2550, followed by PCR amplification in the presence of the upstream primers P278 or P1685 (Lewis et al., 1992) .
DNA sequencing. Nucleic acid sequence analysis was performed either by ~manual" sequencing or on an automated Applied Biosystems 373A DNA sequencer. DNA fragments 1 and 2 (see above) generated by RT and PCR reactions were agarose gel-purified using the Bio 101 Gene-Clean kit. Purified DNAs were then used as templates in asymmetric PCRs to generate ssDNA copies representing both strands of the original DNA fragment (Gyllensten, 1989) . Single-stranded DNA was sequenced in standard chain-termination sequencing reactions using 3~S-labelled dATP and the Sequenase kit (US Biochemical). Primers were positioned to 'walk" the region to be sequenced.
For automated sequencing, gel-purified dsDNA fragments 1 and 2 were directly sequenced using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems). The primers used for sequencing were identical to those used for single-stranded sequencing and are shown in Table 2 . Briefly, 0.5 pmol of each DNA fragment was combined with 1.0 pmol of primer and sequenced in a reaction cocktail containing the four dye-labelled dideoxynucleotide terminators. Cycle sequencing parameters used were as described in the manufacturer's protocol.
DNA sequence analysis.
Overlapping nucleic acid sequences obtained from individual sequencing reactions were combined for analysis and editing with the aid of the DNASTAR program. Prior to phylogenetic analysis, DEN-3 virus nucleic acid sequences were aligned with each other and with the DEN-2 Jamaica virus, using the multiple sequence alignment CLUSTAL (D. Higgins, Heidelberg, Germany). DNA parsimony analysis was performed using either the heuristic or the branch and bound algorithm of PAUP (D. Swofford, Champaign, 111., U.S.A.). Parsimony analysis using other algorithms within PAUP or different analysis programs such as PHYLIP yielded nearly identical phylograms.
Results

Nucleic acid and deduced amino acid sequences
The nucleic acid sequences of the prM/M and E genes from 23 DEN-3 viruses were determined and submitted to GenBank. Fig. 1 displays the nucleic acid sequence of five representative DEN-3 viruses: prototype strain H-87 and one virus from each of the four newly proposed DEN-3 genetic subtypes (see below). Nucleic acid sequence similarity among the DEN-3 viruses ranged from 90% to 99%. The average sequence similarity within a DEN-3 subtype was 97.6 % for nucleic acids and 98.8 % for amino acids. The average similarity between the DEN-3 subtypes was 93.5 % and 97-0 % for nucleic and amino acids, respectively. Approximately 15% of the nucleic acid changes resulted in an amino acid change.
The deduced amino acid sequence of the prM/M and E proteins of all 23 virus isolates revealed that the proteins were highly conserved and had a similarity between 95% and 100%. The majority of amino acid changes occurred in clusters common to several DEN-3 virus isolates (Fig. 2) . The nucleic acid sequences of the prototype strain H-87, sequenced in this study, and the (Fig. 4) . The phylogram indicates that subtype IV viruses are the most distant, with their node emerging directly from the DEN-2 outgroup. Parsimony analysis of the deduced amino acid sequence of the prM and E proteins generated a similar phylogram (data not shown) in which the DEN-3 viruses were subdivided into four subtypes. 
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Phylogenetic analysis of DEN-3 isolates
Discussion
Genetic evolution among the prM/M and E structural protein genes of DEN-3 viruses has occurred independently within geographical regions where the viruses are endemic. In spite of this evolution, the prM/M and E proteins have retained an amino acid sequence similarity greater than 95 % over the 36 year period studied. These data suggest that domains responsible for predicted flavivirus protein architecture and/or biological function are strictly conserved. It is likely that the random mutation rate for dengue virus RNA is similar to that of other RNA viruses (Holland et al., 1982) ; however, the mutations in the DEN-3 virus genome appear to be buffered by selective pressures. Dengue viruses, and other arthropod-borne viruses, seem to have a genetic stringency imposed on them because they replicate in both arthropod and vertebrate hosts (Weaver et al., 1991) . Previous studies to analyse the genetic diversity among DEN-3 viruses were based on cross-neutralization assays (Russell & McCown, 1972) and RNA fingerprinting . Neutralization assays suggested a unique subtype of DEN-3 had circulated in the Caribbean basin in 1963 (Russell & McCown, 1972) . Our data confirmed this observation and place the 1963 Puerto Rico and the 1965 Tahiti viruses together in subtype IV (Fig. 3) . In addition, the phylogram (Fig. 4) clearly shows that subtype IV viruses are distantly related to all other DEN-3 viruses and suggests that they share a closer genetic relationship with a common ancestor of the dengue viruses. Oligonucleotide fingerprint analysis of DEN-3 viruses identified five genetic topotypes . The data presented agree with this classification, except that the nucleic acid sequence and parsimony analysis combine viruses from the Philippines and Indonesia into one monophyletic lineage whereas fingerprinting distinguished these two groups. The other topotypes defined by oligonucteotide fingerprint analysis (Thailand, Sri Lanka and Caribbean) are similar to those described here.
The data presented here increase our understanding of the epidemiology and worldwide movement of DEN-3 viruses. Epidemiological information suggested that the DEN-3 virus responsible for the Mozambique epidemic may have been introduced from India (Gubler et al., 1986) . Genetic analysis of virus isolates from these two areas indicate that the Mozambique and Indian DEN-3 viruses belong to the same genetic subtype, along with isolates from Sri Lanka.
Epidemics of DEN-3 in Puerto Rico (1963) and Tahiti (1965) caused classical DF with no confirmed cases of DHF (Neff et al., 1967; Laigret et al., 1967) . Antigenic analysis indicated that the Tahiti and Puerto Rico DEN-3 viruses were similar, suggesting that the Caribbean strain of DEN-3 had been introduced into Tahiti (Russell & McCown, 1972) . Silent DEN-3 transmission apparently continued in Tahiti until 1969, when another small outbreak of DF occurred (Saugrain et al., 1970) . The DEN-3 epidemic in Puerto Rico in 1977 also caused only DF (Lopez-Correa et aL, 1978) . Genetic data indicate that the 1963 "and 1977 Puerto Rico DEN-3 isolates are closely related, suggesting the virus was also maintained in a silent transmission cycle. It is noteworthy that subtype IV viruses, in addition to being genetically distinct from all other DEN-3 viruses, have never been associated with DHF epidemics. The recent (1989) DHF epidemic in Tahiti and the South Pacific islands (Chungue et al., 1990) was caused by a subtype I virus which appears to have been introduced from Indonesia, Malaysia or the Philippines. The introduction of a subtype previously associated with DHF (Gubler et al., 1979) , concurrent with a change in severity of disease, suggests that subtypes I and IV DEN-3 virus possess distinct biological properties.
Epidemiological observations such as those described above have led to the suggestion that epidemic strains of DEN-3 exist (Gubler et aI., 1979, 1981) . In Indonesia and Thailand the frequency of DEN-3 isolations from DHF cases increased abruptly in 1976 and 1987 respectively, suggesting that an epidemic strain of DEN-3 had been introduced into these areas (Nisalak, 19891) . The phylogenetic data, however, indicate that new viruses were not introduced into Indonesia or Thailand; rather, the endemic viruses had undergone some genetic drift. The disease pattern in Sri Lanka and India is unique in that a long period of endemicity of classical DF with no confirmed DHF cases was followed by DHF epidemics occurring in Sri Lanka (1989) and then in India (1990) (Vitarana, 1990; Chakravarti et al., 1990) . DEN-3 viruses isolated during the 1989 to 1991 DHF epidemic in Sri Lanka are classified within subtype III, along with viruses isolated in the early 1980s before the occurrence of DHF. These viruses, however, are grouped on separate distal branches of the cladogram and phylogram (Fig. 3  and Fig. 4) . As in Indonesia and Thailand, the data indicate that a new subtype was not introduced into Sri Lanka. However, a measurable and consistent genetic change occurred in the DEN-3 viruses present in Sri Lanka between 1985 and 1989. Whether these changes have altered the virulence of these viruses is not known. DEN-3 viruses have undergone independent evolution which has resulted in four genetic subtypes within the serogroup. The classification of viruses isolated from future dengue outbreaks will be possible using the data presented. The phylogenetic data, together with the epidemiological observations, suggest that genetic differences among (and within) the subtypes may result in differences in virus virulence and/or epidemic potential. Changes in the E protein in particular could alter host cell susceptibility thereby affecting virus replication and disease severity. Additional research on the biology of representative members of the four DEN-3 subtypes should increase understanding of the molecular basis of dengue virus virulence.
